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Magnetic properties ofGa,MnAs digital ferromagnetic heterostructures have been investigated by
polarized neutron reflectometry and magnetoméigyof three samples with 20, 50, and 100 ML
GaAs spacers ranges from 30 to 40 K. The saturation magnetization of three samples exhibits a
pronounced tail extending over 50 K abovie. in addition to a temperature-independent
background. For the 50 ML sample, PNR measurements show a similar tail but no background.
These behaviors can be explained by a two-step ordering process. In the tail region,
two-dimensional islands first individually become ferromagnetic. Long-range order develops as the
temperature is decreased beldw. © 2004 American Institute of Physics.
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IlI-V-based ferromagnetic semiconductors, sucli@a,  unit consists of a 0.5 ML MnAs and a GaAs spacer layer of
Mn)As in the form of superlattices or random alloys, are avarying thickness (t=20, 50 and 100 ML The number of
class of materials that has received much attention in recetilayer repeatdN is 60, 150 and 100. We denote the DFH
years due to their interesting physical properties and the pestructures by,0.5)y . For comparison, we have also studied
tential for spintronic device applicatiods® The present un- two Ga_,Mn,As random alloy samples witk=0.055 and
derstanding of the magnetism in these systems derived.080. Superconducting quantum interference device-based
mainly from experiments based on bulk magnetization meatagnetization measurements show that Theranges from
surements and magneto-transport measurements, both ¥ t0 40 K for the DFH samples and 60 to 70 K for the
which probe the average magnetization over the wholéandom alloys. _
sample. These techniques have proven quite useful for study "€ PNR measurements were carried out on the NG-1
of the random alloy. However, in layered structures such aLeflectometer at the NIST Center for Neutron Research using

digital ferromagnetic heterostructuré®FH), magnetic or- neutrons of waveler)gth=4.75 A_' In our _experlmepfts, the
dering occurs in quasi-two-dimensional sheets. In additionh'eutrons were polarized by Fe/Si supermirrors positioned be-

; . 0 :
the interaction among these well-defined magnetic Iayer%hOre and after the sample, with an efficiency97%. With

. e use of two Al-coil spin flippers, we measured all four
may lead to @, enhancement. Polarized neutron reflectom- P P

. . ) ” polarization cross section®R(*'"), R(—7), R(*:7) and
etry (PNR) is well knowrf for its unique ability to probe R as a function of the wave vector Owhere Q

S_UCh. I?yereq magne::c structurfas ar(;d prOV|dZ§pat|?IIy SENSE 47 sin(@)/\ and @ is the angle of incidencend reflection
tive information on the magnetic ordering and interlayer in- ¢ o specularly scattered neutrons. The ™and * —

teractions. . ~ signs denote the parallel and antiparallel neutron polariza-
Here we present a study of the magnetic properties ofigg, respectively, of the incident and reflected neutrons with
(Ga,MnAs DFHs using PNR. The DFH samples were grownyegpect to a guide field applied in the sample plane. The
by low-temperature molecular beam epitdMBE) on semi- nonspin-flip (NSP scattering cross sectionR(**) and
inSUIating GaAS(lOO) substrates and the details have beerR(_v_) are sensitive to both the Chemi¢abattering from the
reported elsewhereln the three DFHs studied, each bilayer nucle) and magnetic ordering, whereas the spin-figP
scattering cross-sectiorR(*7) and R(™™) are purely of
3Author to whom correspondence should be addressed; electronic maiagnetic origin. Specifically, the difference between the two
jshi@physics.utah.edu NSF cross sections provides information about the in-plane
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1 ! . L : cross sections at the SL peaks indicates that the magnetiza-
1 tion has a component along the polarization direction of the
S 0'_ incoming neutrons, whereas the absence of any significant
E -1- SF scattering indicates that there is negligible magnetization
° ] perpendicular to the polarization direction of the incoming
é’ -2 neutrons. Even though the DFH sample was cooled in nearly
(] 1 zero field, the Mn layer moments are ferromagnetically
c '3'_ aligned parallel to the small guide field, which is much
6)9 -4 smaller than the coercivity+30 Oe) of the sample at 15 K,
3 5 as determined from the magnetometry measurements. It is

possible that the sample exhibits spontaneous ferromagnetic
interlayer coupling upon cooling throudh., as proposed by
Kepd for GaMnAs/GaAs superlattices. To test this idea we
performed a series of PNR and bulk magnetization measure-
ments after cooling in small positive and negative fields
(JH|<0.2 Oe) applied along the easy axis. The results sug-
gest that only a small residual field is required to set the layer
magnetization direction through the entire DFH sample as it
is cooled throughT. (where the anisotropy is arbitrarily
small.

To explore further the behavior of the DFH samples near
T., we measured both the spontaneous magnetizatipn
and saturation magnetizatidvig of the DFH samples in the
magnetometer as a function of temperature in a constant field
applied along the eadyt10] direction.M, andMg are rather
different [Fig. 2@)]. First, M, is very small for T>T,
~38 K, while M is very large and appears to be offset ver-
-8- tically from M, . This background is temperature indepen-

" - ' T ' T ' dent and persists even to room temperature. We speculate
0.00 0.04 0'?8_1 0.12 0.16 that this background may originate from small ferromagnetic
Q(A) Mn particles or clusters with a very high,, as discussed
FIG. 1. (8) Unpolarized neutron reflectivity for thg0,0.5¢, DFH at room  below. After the constant backgroundhy is removed, both
temperature, showing good structural and interface quality of the superlatMr and Mg are shown in the inset of Fig.(&®. Obvious in

tice. (b) Polarized neutron reflectivity fa(50,0.9¢9 DFH measured in a 0.9 . . e
Oe field along the easy axis after cooling in zero field to 15 K. These datf}he inset is the Iong tail M that extends well abOVEC‘

have been corrected for the polarized efficiencies of the polarizing elementd. € Width of this tail is about 60 K, greater thap itself. In
addition, Mg is greater tharM, through the entire tempera-

ture range indicating an excess moment aligned along the
magnetization component parallel to the guide field while theexternal field direction. A similar phenomenon was also ob-
two SF scattering cross sections are sensitive to the in-plargerved in two other DFH samples. Another unusual feature in
magnetization component perpendicular to the guide field. My is the steep slope of the magnetization at low tempera-
Figure Xa) shows an unpolarized neutron reflectivity tures, which is different from that iM,. For comparison,
scan of a DFH sample (50,0.&) For smallQ, total internal Mg for the random alloy samples does not show either a
reflection of neutrons occurs and the NSF reflectivity equalpronounced tail or a steep slope at low temperatures
1. Above the criticalQ, the neutrons transmit through the [Fig. 2(b)].
sample and the reflectivity decreases. The four regularly To understand the origin of the excess magnetic moment
spaced peaks are the Bragg peaks up to the fourth order efident aboveT., we probed the (50,0.53) DFH sample
the superlatticSL) structure. The presence of these well- using PNR in fields applied parallel to th&10] easy axis
defined SL peaks is an indication of the good structural qualand measured the temperature dependence of the NSF split-
ity of the sample. The spacing between the adjacent peaks img at the first SL peakFig. 1(b)]. (Note that the difference
related to the average bilayer thicknessoy Q=27/d. The in the integrated intensithR=R(" ") —R("7) at this peak
bilayer thickness is found to be about 14 nm, in good agreeis proportional to the moment component parallel to the ap-
ment with the nominal thickness of the structure. plied field direction. Figure 3 summarizes the results of
Atypical PNR scan for the same sample is shown in Figthese measurements in fields of 0.9 and 20 Oe after cooling
1(b) after cooling in nearly zero field<(0.15 Oe) to 15 K. in zero field and in a field of 2000 Oge., saturation Con-
At low temperature, a small guide field of 0.9 Oe was ap-sistent with the magnetometer resulisg. 2), the saturation
plied in the sample plane along[&10] in-plane cleave axis magnetization is larger than the low-field magnetization
of GaAs. The SL peaks in the NSF scattering are split, whiled.9 and 20 Ok in particular abov@ .~ 40 K. The downturn
the SF scattering is negligible after correcting for the effi-of the 0.9 Oe data at low temperatures is accompanied by a
ciencies of the polarizing elements. The splitting of the NSFvery slight increase in the SF scattering at the first SL peak
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A
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FIG. 3. The temperature dependence of magnetization for(38¢0.594,
ottt DFH determined by PNR. The vertical axis represents the integrated inten-
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\: ity. A field of =2 kOe was sulfficient to set the temperature
T e independent cluster moment in different directiong atT,
T(K) in separate magnetometer runs. Subsequent measurements of
the magnetic hysteresis in small fieldsTat T, showed that
the loops were essentially identical except for an offset in the
\o magnetization due to the cluster moment. This suggests that
\ the cluster moments are not coupled with the layer magneti-
O ® zation. The overall features in the PNR measurements, such
04 \OOOOOOOOOO ] as the tail evident in saturation above 40 K, agree well with
e — those in the magnetometer data after the high-temperature
0 20 40 60 80 100 120 140 160 background is removefFig. 2(a) insef. Clearly, aboveT,
the Mn moments within the MnAs planes are not correlated
T (K) from one MnAs layer to the next in small applied fields.
FIG. 2. (a) The temperature dependence of saturation magnetizaltiQj ( In summary, we have identified two types of contribu-
measu_red in_ a field of 5000 Oe and spontaneous magnetizlﬂt,ibmnea— tions to the magnetization of DFHs using PNR and magne-
sured in a field of~-0 Oe for the (50,095 DFH. The inset shows the tometry. One type has the periodicity of the superlattice, and
magnetizations after background subtracti@n). The temperature depen- A !
dence of saturation magnetizatiol ) in field of 5000 Oe and the sponta- the other type originates from random clusters. At and below
neous magnetizatiorM,) in a field of ~0 Oe for a 5.5% random alloy. The 100 K, magnetic moments within each MnAs layer first or-
inset shows the magnetizations after background subtraction. der locally and then develop long-range order along the
growth direction as the temperature is lowered throligh
This two-step ordering mechanism may originate from the

position. We conclude that a small component or fraction ofdiscontinuous nature of the quasi-two-dimensional MnAs
the Mn moment is spontaneously oriented parallel to the hartfyers.

axis upon cooling in zero field, but a 20 Oe field is sufficient ~ The authors thank C. F. Majkrzak for interesting and
to align it. useful discussions. Work at the University of Utah is sup-
For the 2000 Oe PNR data, a tail persists above 40 Kported by ONR/DARPA under Grant No. N00014-02-10595,
but there is no measurable constant high-temperature bacRt UCSB by ONR/DARPA under Grant No. N00014-99-1-
ground(above 100 K as seen in the magnetomeMr, data. ~ 1096.
Note that the splitting at the SL peaks in the PNR measure-
ments is sensitivenly to the magnetization contribution that *H. Ohno, Scienc€8l9951(1998, and references therein; J. Magn. Magn.
f [SRGREIE 1 _ Mater. 200, 110(1999, and references therein.
has the corresponding periodicity of the $ile., Mn mo 2T. Dietl, H. Ohno, F. Matsukara, J. Cibert, and D. Ferrand, Sci@8%
ments correlated from one MnAs layer to the negn the 1019(2000, and references therein.
contrary, the magnetometer measurements average over botR. K. Kawakamiet al, Appl. Phys. Lett77, 2379(2000.
periodic and random magnetic moments present in the:g- C. Kulfet al-,IAgp!- Phgzsé Lett-gé,(22038]2)(2003.
: ) . A. Wolf et al,, Science294, 14 .
sample._Thus the high-temperatire., above 10_0 Kback- 5C. F. Majkizak, Physica B5, 173 (1990
ground in the magnetometer data can be attributethin 7R. M. Moon et al, Phys. Rev181 920 (1969.

domlydistributed magnetic clusters lacking the SL periodic- 8H. Kepaet al, Phys. Rev. B34, 121302(2007).
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